In simulation as well as analytical modeling studies of low-pressure capacitively coupled radio frequency (CCRF) discharges, the assumption of both a driving voltage source or a driving current source is commonly used. It is unclear, however, how and to what extent the choice of the mode of driving, that prescribes either a sinusoidal discharge voltage or a sinusoidal discharge current, itself defines the discharge dynamics that results from these studies. To address this issue, 1d3v cylindrical particle-in-cell/Monte Carlo collisions simulations of asymmetric CCRF discharges are performed in the low pressure regime (p<2Pa). We study the nonlocal and nonlinear dynamics of these discharges on a nanosecond timescale. We find that the excitation of the plasma series resonance in the voltage driven case strongly enhances the nonlinear electron power dissipation. However, this resonance is suppressed when a current source is used, because the excitation of harmonics in the RF current is not allowed. Consequently, significant differences between both driving sources are observed in the plasma density as well as in the electron and the power coupling dynamics. We conclude that caution is advised in comparisons between simulations and experiments, as in the former the discharge dynamics is partly defined by the method of driving of the plasma source, while in the latter the addressed resonance phenomena are inherently present at low pressures, since experiments are typically voltage driven.
Introduction
Low pressure capacitively coupled radio frequency (CCRF) discharges are frequently used in industrial applications such as sputtering and etching [1, 2] . In these discharges, the radio frequency power is coupled via a matchbox into the plasma, which is confined by the electrodes and the wall in the plasma source.
In most of the experiments, the generator provides a harmonic voltage waveform (in the case of a single frequency excitation), i.e., these discharges can be considered as 'voltage driven'.
In electropositive discharges at low gas pressures below a fewPascal, the interaction between the electrons and the plasma boundary sheaths is the dominant mechanism of energy transfer to the electrons [3] [4] [5] [6] [7] [8] [9] [10] [11] . In electronegative CCRF discharges, strong electric fields in the plasma bulk contribute additionally to the electron power absorption [12, 13] . In the electropositive nonlocal regime, where the electron mean free path and the system length have a similar magnitude, the formation of energetic electron beams can be observed experimentally by using phase resolved optical emission spectroscopy [14] as well as in particle-in-cell simulations [15] [16] [17] . These energetic electrons are accelerated by the expanding sheath, penetrate into the plasma bulk and assist to sustain the discharge via efficient ionization. In a voltage driven system, they can create an electric field reversal between the plasma sheath and the bulk, which attracts cold bulk electrons back towards the expanding sheath [18] [19] [20] . These bulk electrons react on the timescale of the local plasma frequency and their nonlinear interaction with the sheath leads to significant oscillations in the RF current, while the RF voltage almost sinusoidal. This is the kinetic origin of the selfexcitation of the plasma series resonance (PSR) and nonlinear electron resonance heating (NERH) [20, 21] .
At high pressures where the electron mean free path is much smaller, beams of energetic electrons cannot penetrate into the bulk and, therefore, the nonlinear interaction between the sheath and the bulk is strongly damped. In geometrically symmetric discharges, oscillations of the RF current are partially suppressed due to the symmetric sheath dynamics. The opposing sheath has the same voltage-charge characteristics with a phase shift of 180°. Hence, even harmonics generated at one sheath are compensated by the opposing sheath [1] .
Asymmetric discharges at low pressures are, therefore, the most appropriate settings to obtain pronounced high frequency oscillations of the RF current and a high degree of nonlinearity. Most CCRF plasma systems indeed have grounded chamber walls, which leads to different effective electrode areas, e.g., the driven electrode, A d , is smaller, often much smaller than the grounded one, A g . This geometrical asymmetry results in a situation that the plasma boundary sheaths at the two electrodes are different in terms of potential and size. A DC self-bias establishes and, particularly for A d = A g , most of the RF power is coupled into the plasma through the larger sheath at the driven electrode. The resulting Fourier spectrum of current oscillations can contain harmonics with frequencies matching the PSR [22] [23] [24] [25] [26] [27] [28] . The frequency components near the PSR strongly enhance the electron power gain by NERH. The excitation of the PSR has been observed experimentally by using current probes in geometrically, as well as in electrically asymmetric discharges [29, 30] . Previous work by Vender et al [18, 19] has shown that beam-like electron velocity distributions near the plasma sheath are related to the PSR and electrostatic waves are excited during sheath expansion [31] [32] [33] [34] .
This nonlinear nature of CCRF discharges is generally challenging for theory and experiments. In order to obtain an acceptable agreement between both, the power coupling between the generator and the plasma has to be taken into account appropriately. Verboncoeur et al [35] implemented a series RLC circuit driven by a current or a voltage source in particle-in-cell/Monte Carlo collision (PIC/MCC) simulations. Schmidt et al [36, 37] investigated the coupling of an equivalent circuit plasma model and an electric external circuit composed of lumped elements.
As already mentioned, in experiments CCRF discharges are predominantly voltage driven. However, in theoretical [1, 2] and simulation [38] [39] [40] [41] studies, the power is frequently assumed to be coupled into the plasma via a current source. The usage of a sinusoidal current waveform changes the physics of the discharge significantly. In particular, it suppresses the generation of harmonics and, therefore, the excitation of the PSR.
In this work, nonlinear electron dynamics are investigated at low pressures by means of 1d3v cylindrical PIC/MCC simulations with the aim to identify the differences in the discharge behavior under excitation by voltage versus current sources. A cylindrical setup is chosen in order to obtain a geometrical asymmetry, which makes the discharge vastly nonlinear.
The paper is structured as follows: first, the details of the PIC/MCC simulation and the choice of input parameters are described in section 2. Next, a power variation using a sinusoidal voltage and current waveform is discussed in section 3.1. A detailed analysis of one voltage and one current driven scenario (with identical input power) is presented in section 3.2. Finally, conclusions are drawn in section 4.
Particle-in-cell simulation
A geometrically asymmetric CCRF discharge is studied by means of electrostatic 1d3v PIC/MCC simulations [42] [43] [44] . The plasma is bounded by two concentric cylinders and only the radial variation of the plasma is considered due to the cylindrical symmetry of the system (see figure 1) [35] . Therefore, the cylindrical approach is suitable to simulate a geometrically asymmetric CCRF discharge in 1d. The length of the cylinder is assumed to be infinite and the gap between the two cylindrical shells is L gap =50mm. The outer cylindrical shell has a radius of R o =70 mm and represents the grounded electrode of the discharge. The inner cylindrical shell with a radius of R i =20 mm is connected via a blocking capacitor (C b =0.3 nF) to a generator that provides a sinusoidal voltage, f(t), or current waveform, j(t): . For both sources, we use a driving frequency of f RF =13.56 MHz and argon gas with a temperature of T g =300 K.Parameter trends as a function of pressure are discussed in section 3.1 (i.e., 0.6, 1 and 2Pa), whereby the 1Pa case is analyzed in detail in section 3.2. Three electron-neutral (elastic, excitation and ionization scattering) and two ion-neutral (isotropic, and backward elastic scattering) collision processes are considered, of which the cross sections are taken from the JILA database [45] . Surface processes such as particle reflection and secondary electron emission are neglected in order to simplify the comparison between the current and the voltage source driven plasmas. An equidistant cylindrical grid used in the simulation is discretized with D = r L N 6 when convergence is achieved. This high number is necessary for the comparison in order to control the effect of the superparticle weighting [46] . Using this set of parameters, stability and accuracy conditions are always fulfilled [42] .
Results

Pressure and power variation
The results presented in this section illustrate the effect of a variation of the absorbed power, using both sinusoidal current and voltage waveforms at 0.6, 1.0 and 2.0 Pa. The voltage amplitude, f 0 , is varied from 200 to 1800 V and the current amplitude is changed from 20 to 180 A m −2 . In order to compare the voltage driven to the current driven simulations, the total (input) power density, P abs , is calculated for every simulated scenario. The total power density is the sum of two components dissipated to electrons, P e , and to ions, Pi :
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Here, E is the electric field, j e is the electron and j i is the ion current density. áñ x t , denotes averaging over space (discharge gap) and time (duration of one RF cycle). Figures  2(a)-(c) shows the time and space averaged electron density as a function of the total (input) power density for three different pressures. The voltage driven cases are presented by the blue lines and the current driven cases by the red lines. At 2.0Pa the disparity between the two settings is only a few percent. With decreasing pressure, a significant difference is found in the density, at 0.6 Pa a factor of almost 9 indicates a drastic disagreement between both sources, in particular for higher input power. Additionally, above 60 kW m −3 the plasma decays, i.e., the current source cannot sustain the plasma at this low pressure. At these conditions, most of the energetic electrons traverse through the bulk without collisions, overcome the opposing sheath potential and lose their energy at the electrode [17] . In contrast, the density in the voltage driven system increases with increasing input power. In this case, electrons experience the more complex spatio-temporal structure of the electric field as detailed in section 3.2.
In figures 2(d)-(f), a similar trend is observed for the electron power density as a function of the total input power. The electron power density for the voltage driven cases dominates for all pressures. The most noticeable difference between the voltage and current driven scenario is again observed at 0.6Pa, which is approximately 33% at = -P 60 kW m e 3 . Previous work [29] has shown that, especially at low pressures, the excitation of the PSR becomes more dominant, which leads to an enhancement of NERH [21] . This heating mechanism is only present in the voltage driven simulations and is completely neglected by the assumption of a sinusoidal current waveform, since no harmonics of the RF current can be excited.
For both cases, the ion power density (figures 2(g)-(j)) increases linearly up to a much higher value compared to the electron power density. Thus, approximately 90%-95% of the absorbed power is dissipated to the ions. In the current driven scenario, more power is absorbed by the ions than in the voltage driven case. It is quite difficult to observe this disparity, due to the small difference in P e of roughly 1 kW m −3 . However, the difference in electron power dissipation for the voltage versus current driven scenario must show up as a difference in the ion power dissipation, since the total power dissipation is the same in both scenarios. Especially at low pressures and high input power, the differences in power densities and plasma density indicate a substantial disparity, therefore, one pair of specific cases is chosen for further detailed analysis in order to obtain more insights.
Analysis of the plasma dynamics
To investigate the power coupling in more detail, the f 0 = 1400 V and the j 0 =125 A m −2 cases are chosen due to their almost identical total power density of P abs =72 kW m −3 at 1Pa. These cases are indicated in figure 2(b). First, the temporal dynamics of global parameters such as the time dependence of the voltage and the current at the driven electrode are investigated. Generally, these parameters can be easily measured in experiments [29, 30] and provide a proficient evidence of the nonlinearity of the system. Figure 3 shows the voltage (a) and the current density (c) as a function of time within one RF period at the driven electrode for the voltage and current driven case. A sinusoidal applied voltage waveform (blue line) leads to strong high frequency oscillations in the RF current density, which are related to the excitation of the PSR. Similar to previous analytical descriptions of the PSR [22] , an abrupt change of the sign of the RF current during the sheath collapse (t≈20 ns) is observed, which was interpreted as the origin of the excitation of harmonics.
Using a current source, the voltage is the only global parameter, which can be influenced by nonlinear dynamics. However, the voltage at the electrode ( figure 3(a) , red line) is almost sinusoidal. Fourier analysis ( figure 3(b) , red bars) confirms that only the second and third harmonics are weakly excited. In contrast, the Fourier spectrum of the current density using a voltage source (figure 3(d), blue bars) presents a complex excitation of multiple harmonics, in particular resonances at the PSR frequency which is in the order of f PSR ≈623 MHz. This leads to the first important statement, that a voltage source allows a very significant nonlinearity in the RF current. On the contrary, a sinusoidal current waveform generates only weak nonlinear dynamics of global parameters such as the RF voltage. Similar to dual-frequency discharges, higher frequency components produce higher densities and low frequencies contribute to the ion energy at the wall [1] . This explains the differences in density as well as the unequal power distribution to the particles. more power into the electrons compared to the current driven case. In the following, the differences in the spatio-temporal dynamics are investigated and linked to the origin of this global characteristic disparity. Figure 4 shows the spatio-temporal ((a) and (b)) and the time resolved spatially averaged ((c) and (d)) electron power density for both cases. The results for the current driven case are presented on the left hand side and for the voltage driven case on the right hand side, respectively. The black lines in the contour plots represent the plasma sheath edge calculated by a criterion proposed by Brinkmann [47] . In the classical α-mode, electrons gain their energy during sheath expansion and loose energy collisionlessly during the collapsing phase of the sheath. These dynamics are generally present in the current driven scenario in figure 4(a) . Additionally, the ambipolar electric field [12, 13] contributes to the electron power density around r=38mm and r=60mm. Due to the geometrical asymmetry and the resulting DC self-bias, most of the power is coupled into the system during sheath expansion at the driven electrode (r=20mm). Therefore, the focus of this study is the region of sheath expansion at the driven electrode, which is between 20mm<r<40mm. Figure 5 zooms into this region of interest and represents the green dashed rectangle shown in figure 4 . In the former, a few weak oscillations in electron power density are observed in the region close to the sheath edge (around the black line in the current driven scenario), which are modulated on the timescale of the local plasma frequency. However, these oscillations are not detectable in the total RF current and in the dynamics of the sheath edge (black line in figure 5(a) ). Furthermore, only two distinct structures linked to electron energy losses are observed during sheath expansion, while several small structures arise when the sheath is fully expanded.
The voltage driven case indicates a more complex behavior.Particularly, during sheath expansion ( figure 5(b) ), very fine structures of electron power gain and loss are present and reach absolute values of −2400 and 3000 kW m −3 (note that the colorbar above figures 5(a) and (b) has an almost 10 times wider range in the coltage driven case compared to that in the current driven case). It is important to note that ambipolar heating, as well as the power gain and loss dynamics at the grounded electrode (r = 70mm) are also present, however, the different color scale reveals these structures only with a light color (see figure 4) . After all, the electron power absorption is dominated by the nonlinear and resonant dynamics of the driven sheath. Specifically, the electron power density is characterized by a distinct temporal signature of nonlinearly excited oscillations of varying amplitude (sequence of modulated minima and maxima) as seen from the spatially averaged results (see figures 4(c) and (d)). The extreme values are related to the electron power gain and loss close to the expanding sheath edge and are identified as P 1 , P 2 , P 3 and P 4 in figure 5(b) . Within this repetitive cycle only P 1 and P 4 are observed inside the plasma sheath (recall that the black line indicates the sheath boundary) and P 2 and P 3 are present outside the sheath. The differences in the electron power density between both source types are significant, in particular its magnitude. The voltage driven case exhibits stronger temporal power loss compared to the current driven scenario, but it also indicates exceedingly higher power gain, which leads in total to a net positive difference of about ΔP abs ≈1 kW m −3 . In previous work by Gudmundsson et al [11] , similar high frequency oscillations in the electron power density adjacent to the expanding sheath have been discussed in 'voltage driven' symmetric capacitively coupled oxygen discharges by means of PIC/MCC simulations.
At low pressures, during sheath expansion highly energetic electrons are accelerated and penetrate into the plasma bulk. Figures 6(a) and (b) show the spatio-temporal distribution of fast electrons with energies above 15.7 eV (i.e., the threshold of argon ionization), which contribute primarily to the ionization process. Figures 6(c) and (d) show the corresponding spatially averaged ionization rate, R ion , as a function of time. In the voltage driven scenario (b), multiple electron beams [14, 16, 20] are accelerated during the whole phase of sheath expansion. This generation of fast electrons is related to the electron power gain P 1 at the sheath edge shown in figure 5(b) . At t≈23.7 ns, the first beam structure indicates the highest contribution of energetic electrons, which leads to a strong peak of the ionization rate. This temporal Figure 5 . Spatio-temporal distribution of the electron power density during sheath expansion (green dashed rectangle in figure 4 ), for the current source with j 0 =125 A m −2 (a) and for the voltage source with f 0 =1400 V (b). The absorbed power is P abs =72 kW m −3 for both cases. phase is also linked to the time of the highest current density flow, j tot ≈−160 A m −2 , at the electrode ( figure 3(c) ). With a contribution of 25% to the total electron density, close to the sheath edge this beam of electrons has a significant contribution to the total current in the form of conduction current. At the electrode, in contrast, the total current is prevalently displacement current due to current conservation accompanied by electron depletion. This aspect is discussed in detail later.
A short time after the initial acceleration of an electron beam (Δt≈2 ns), a group of electrons is present, which moves back to the sheath. This attraction of bulk electrons back to the expanding sheath was previously observed [18, 20] and can be explained based on the spatio-temporal dynamics of the charge density ( figure 7(b) ) and the electric field ( figure 8 (b) ). Since the RF current is not predefined in the voltage driven case, the very fast sheath motion at the beginning of the sheath expansion accelerates effectively a huge number of electrons into the bulk. The ion motion is not modulated in this RF regime and, therefore, a significant positive and negative charge density ( figure 7(b) ) at t≈25.4 ns is formed due to the first bunch of energetic electrons. The resulting electric field reversal ( figure 8(b) ) reaches values up to 100 V cm -1 and draws the local bulk electrons towards the plasma sheath. These electrons react to the field reversal on the timescale of the local plasma frequency and interact a few nanoseconds later (t≈26.6 ns) with the sheath edge. Due to the electric field inside the sheath, these electrons are decelerated, which leads to the electron power loss P 4 at the sheath edge represented in figure 5(b) . This nonlinear interaction between electrons and the plasma sheath contributes to the generation of harmonics in the RF current, i.e., the acceleration of (multiple) electron beams and the back flow of bulk electrons determine the maxima and minima in the RF current. The electric field reversal in front of the plasma sheath is responsible for the small structures of electron power loss P 2 and gain P 3 in figure 5(b) , which are only present outside the sheath. When the field reversal arises, additional beam electrons move from the expanding sheath towards the bulk through this region of field reversal and are decelerated. Thus, the electron power density becomes negative in the region labeled as P 2 in figure 5(b) . Subsequently, the sheath expansion is inhibited Figure 7 . Spatio-temporal distribution of the net charge density in discharges driven by a current source with j 0 =125 A m −2 (a) and a voltage source with f 0 =1400 V (b). The absorbed power is P abs =72 kW m −3 for both cases. and bulk electrons near the region of field reversal are accelerated back to the sheath. As long as these bulk electrons are located outside the sheath, they are accelerated by the reversed field and power absorption occurs (P 3 in figure 5(b) ). It takes the electrons about 1 ns to reach the sheath edge.
Once they reach the region of the plasma sheath edge, they are decelerated by the sheath electric field. At the time of P 3 , there are almost no electrons in the direct vicinity to the sheath edge, which could be decelerated because of the presence of the local positive space charge ( figure 7(b) ). Additionally, the ambipolar field also contributes to the nonlinear dynamics of fast electrons. After the deceleration due to the field reversal, energetic electrons experience a second acceleration by the ambipolar field at r=35mm, which is temporally weakly modulated during sheath expansion. This explains the abrupt discontinuity of the initial beam structure in figure 6 (b) at r=35mm. demonstrate that this cycle repeats several times during sheath expansion and even slightly after the sheath expansion stops (t≈55ns). In previous works [31, 32] , the observation of an electric field reversal near the plasma sheath was associated with the generation of electrostatic waves. Similar dynamics of electrostatic wave propagation in the bulk are shown in the electric field, displayed in figure 8(b) .
Power absorption in the current driven case is substantially different. In this case, the acceleration of energetic electrons ( figure 6(a) ) is mainly observed within the time interval 32ns < t<46 ns, which is the phase of highest RF current ( figure 3(c) ) and occurs when the ionization rate ( figure 6(c) ) is maximum. In comparison to the voltage driven case, the generation of electron beams sets in only at much later times t>32 ns. Especially, at the beginning of sheath expansion, the generation of energetic beam electrons is strongly suppressed. The reason is the fact that the RF current cannot change its sign abruptly due to the predefinition of a sinusoidal waveform and, therefore, the sheath expansion is rather smooth and not rapid. Figure 3(a) shows the acceleration of multiple electron beams similar to the voltage driven case at later times t>32ns. The temporal gap between these beam structures is much smaller. This is because most of these beam electrons are generated during the second half of sheath expansion, whilst the sheath edge is much closer to the center of the discharge. In this region, the plasma density is higher and, thus, the timescale of the inverse local plasma frequency is smaller. At the same time, the plasma sheath edge expands very smoothly without any oscillations. Consequently, the magnitudes of the charge density oscillations ( figure 7(a) ) and the resulting electric field ( figure 8(a) ) are substantially smaller compared to the voltage driven case (e.g., the electric field reversal reaches values of less than 20 V cm -1 , which is 5 times weaker compared to the voltage driven case). Nonlinear dynamics are only noticeable in the plasma bulk and not inside the sheath. Since harmonics in the RF current are not allowed, the system inherently compensates for the nonlinear interaction between plasma sheath and bulk.
In the current, as well as in the voltage driven scenario, the generation of electron beams during sheath expansion leads to a local increase of the conduction current density, which is circumstantially higher than the total current density. In order to ensure current conservation, this must be compensated by the displacement current. Figures 9 (a; current driven case) and (b; voltage driven case) show the spatiotemporal dynamics of the conduction current density. The dark blue tilted structures at the sheath edge during sheath expansion represent electron beams and the small red structures represent bulk electrons, which are attracted back toward the sheath. In particular, the latter structures are predominant in the voltage driven case and influence the nonlinearity of the charge-voltage characteristic of the sheath Figure 9 . Spatio-temporal dynamics of the conduction (a), (b) and the displacement (c), (d) current density for discharges driven by a current source with j 0 =125 A m −2 (a) and a voltage source with f 0 =1400 V (b). The absorbed power is P abs =72 kW m −3 for both cases.
(i.e., the generation of harmonics in the RF current). In the current driven case ( figure 9(a) ), a weak back flow of bulk electrons is observed when the sheath expansion is almost completed (t≈45ns), which is very close to the region of the maximum ambipolar field. However, these kind of local oscillations do not propagate into the sheath region but are locally compensated. If they did, they would manipulate the charge-voltage characteristic and generate harmonics, which is not allowed. Therefore, a plasma oscillation cannot arise during sheath expansion in the current driven case. The system locally compensates these oscillations by building up a displacement current and a corresponding transient electric field, as shown in figures 9(c), (d). Ku et al [48] [49] [50] discussed this mechanism as a local plasma parallel resonance, which only occurs in the plasma bulk and does not affect the nonlinearity of the sheath. To understand the compensation mechanism between the conduction and displacement current density, the dynamics of the electric field reversal and the back flow of bulk electrons are investigated in more detail. The initial point, which triggers the phenomenon, is the first instance of field reversal during sheath expansion for the voltage (t≈25.4ns) and the current driven case (t≈23.6 ns). Figure 10 for the voltage driven and figure 11 for the current driven case present three temporal snapshots of the spatial profiles of the electric field and the current components in the region of sheath expansion (20mm< r<42mm): t 1 represents the time of the fastest beam acceleration when the local conduction current becomes larger than the total current. t 2 shows the time of the highest electric field reversal. t 3 indicates the back flow of bulk electrons.Panels (a)-(c) of these figures present the electric field and panels (d)-(f) present the local conduction (blue), displacement (green), and total current (red) density. The conduction current and the resulting total current include the electron as well as the ion flux, however, the ion dynamics are not time modulated in this regime. Consequently, the ion dynamics are negligible in this discussion. The gray region indicates the expanding plasma sheath. In both cases, the ambipolar electric field is not strongly time modulated and much weaker than the sheath field. However, it affects the nonlinear electron dynamics and is highlighted by the green area in figures 10 and 11(a)-(c).
In the voltage driven scenario more energetic electrons are accelerated from the plasma sheath into the bulk due to the rapid sheath expansion. This leads to the situation that the conduction current density exceeds the total current density significantly at this time t 1 of the RF period highlighted by the blue area in (d). In a comparison between the voltage and current driven case, the blue area in figure 10(d) is larger than in 11(d). In the voltage driven case at t 2 =25.4 ns, the electric field reversal arises drastically and reaches a maximum of almost 90 V cm -1 ( figure 10(b) ). At this time, the conduction current exceeds the total current density only weakly ( figure 10(e) ), since the energetic electrons are decelerated due to the local field reversal. Additionally, bulk electrons react to this field reversal and a pronounced local flow of the conduction current back to the sheath edge is found in figure 10(f) . The space charge of these bulk electrons clearly penetrates into the sheath (blue area intersects with the gray sheath area) and affects the nonlinearity, e.g., the generation of harmonics.
In contrast, in the current driven case the electric field reversal is much weaker (see figure 11(b) ). Due to the slower sheath expansion, less energetic electrons are accelerated and the conduction current density exceeds the total current only slightly (blue area in 11(d)). The resulting electric field reversal in figure 11 (b) has a maximum of approximately 15 V cm -1 which is 6 times smaller compared to the voltage driven case. This electric field is too weak to attract a significant number of bulk electrons back to the sheath. Therefore, the conduction current density does not become positive and no back flow of a local conduction current to the sheath is observed in figure 11 (f) at t 3 =25.1ns. Finally, the current source indicates a similar but much weaker behavior compared to the voltage source with respect to the acceleration of beam electrons and the corresponding field reversal. However, it acts like a boundary condition for the back flow of the conduction current, which suppresses any kind of nonlinear interaction between the sheath and the bulk. Consequently, the local conduction current near the boundary of the plasma sheath only flows from the sheath to the bulk and cannot change its direction in order to flow back into the sheath. These nonlinear dynamics between the sheath and the bulk can only occur in a voltage driven CCRF discharge, since the RF current is not predefined by the driving source.
Conclusion
The differences between current and voltage driven asymmetric CCRF discharges at low pressures were investigated by PIC/MCC simulations in argon for identical values of the total power absorbed by the plasma. In the voltage driven case the generation of higher frequency components in the RF current leads to a pronounced excitation of the PSR. This enhances the electron power absorption and increases substantially the plasma density. In contrast, a sinusoidal current waveform does not allow the excitation of harmonics in the RF current and, thus, the PSR is not excited. Hence, at the same net input power the current source couples more power into the ions and less into the electrons, which finally leads to a lower plasma density. A spatio-temporal analysis has shown that nonlinear dynamics, such as the acceleration of multiple electron beams during sheath expansion, as well as the propagation of electrostatic waves are fundamental phenomena in this discharge regime. However, the way these mechanisms manifest when a voltage or current source is applied varies drastically. In both systems, a local enhancement of the conduction current density due to the presence of energetic beam electrons leads to an electric field reversal in front of the plasma sheath. The corresponding electric field accelerates bulk electrons back to the expanding driven plasma sheath, which leads to the generation of harmonics in the RF current due to its nonlinear voltage-charge characteristics. However, the 'predefinition' of a sinusoidal current waveform in the current driven case along with the conservation of charge and current suppresses the local back flow of bulk electrons into the sheath. The charge of these electrons would influence the charge inside the plasma sheath, which is a function of the time integral of the RF current. As the latter is predefined, a significantly smaller displacement current (time derivative of the electric field) is required and the build up of a strong accelerating electric field is inhibited. Nevertheless, nonlinear electron dynamics are present in the plasma bulk, due to the excitation of local parallel resonances. In both cases after sheath expansion, plasma oscillations are observed in front of the sheath edge near the region of high ambipolar electric field. In the voltage driven case, the degree of nonlinearity is yet much higher due to self-amplification via the PSR. The electron beams and the resulting electric field reversal excite plasma waves, which propagate into the bulk.
This work has shown, that the choice of a sinusoidal current or voltage waveform as a boundary condition in 1d3v PIC simulations results in significant differences in the electron dynamics, as well as in the resulting plasma density for the same total absorbed power. Since CCRF discharges in experiments are voltage driven, the PSR is naturally present in these systems. Therefore, only a sinusoidal voltage waveform resolves the nonlinear dynamics produced by the nonlinearity of the plasma sheath and is the more appropriate choice, especially at low pressures. This choice allows modeling of the power coupling from the generator to the plasma more correctly. To the best of our knowledge, no experimental results are available for a current driven CCRF discharge. Consequently, a systematic comparison between current and voltage driven CCRF discharges in an experiment would be essential to validate our simulation results.
